section S1. Thermal heating and excitation transport
In the following we estimate the maximum thermal heating and the time scale of diffusion following photo-excitation. The incident excitation energy is 170 nJ per pulse, of which 15% is reflected and the remainder is absorbed over the pumped volume. Taking into account the 200-m pump diameter and 125-nm penetration depth, along with the spatial overlap of the probe, we obtain an average energy density of 15 J/cm 3 at the sample surface. The lattice heating is then estimated by assuming the pump energy to be fully absorbed by the lattice while neglecting diffusion effects. The lattice specific heat and temperature dependence for LSNO with x=0.33 were reported by Klingeler et al. (38) . For x=0.25 only the low temperature value was reported (39), which we extrapolated to higher temperatures using the dependence in Ref. (38) yielding a 10% correction. The specific heat varies from 12 Jmol -1 K -1 at 30 K to 88 Jmol -1 K -1 at 100 K. Our calculations indicate a thermal heating at the sample surface of 44 K. Within the 125-nm thick photo-excited volume the average heating is T  33 K, with a final temperature of 63 K. A simple bolometric heating picture thus yields lattice temperatures well below the critical temperature and cannot explain the experimental signals nor the complex dynamics observed on short time scales. Instead, full conversion into thermal energy is realized beyond our measured time window, as supported by the 25 ps delayed reaction of the x-ray Bragg peak reported by Chuang et al. (20) .
A second aspect concerns the time scale on which the excess energy deposited by the pump pulse is transported into the sample i.e. out of the photo-excited volume. Diffusion effects of the electronic excitations can be neglected due to their relatively fast decay rate of 400 fs. To estimate the diffusion of vibrational energy, we consider the speed of sound vS in the crystal as an upper limit. For LSNO, the latter can be estimated from the acoustic mode dispersion obtained in the DFT calculations, which results in vS  10 3 m/s. We can define a diffusion timescale by considering that in order to decrease the energy at the surface by 1/e, the penetration depth of the energy profile has to increase by factor e. From this, we estimate a minimum timescale of 200 ps for diffusion processes, which is well beyond the dynamics observed in our experiments.
section S2. Time and frequency resolution in the optical-pump terahertz probe experiments
In the following, we will discuss the mutual constraints of time and frequency resolution in the optical-pump THz-probe (OPTP) experiments. In a pump-probe measurement the frequency resolution is not limited by the broad bandwidth of a short femtosecond probe pulse, provided that spectral analysis occurs after the probe pulse has interacted with the sample (40). The incident probe field Ein(t) then retains its ultrashort duration at the sample while it drives the vibrational or electronic mode, in turn setting up a coherent polarization P(t) or current density j(t) that oscillates at the transition frequency. Linear absorption arises from destructive interference of the incident field Ein with that emitted from the coherent polarization. A narrow absorption line can thus be resolved, since its width is determined by the slow decay of the induced polarization and not by the bandwidth of the short probe pulse.
In the pump-probe experiment, the vibrational or electronic properties evolve with time after excitation. Since the polarization P(t) is created only during the brief interaction with the probe pulse, its amplitude depends exclusively on the transient state of the system at that time. In the case of a narrowband resonance, however, the created polarization decays slowly as the system characteristics continue to evolve. This raises the question under what conditions the measurement can be considered a "snapshot" of the vibrational or electronic dynamics. A conventional pump-probe experiment captures the transmitted or reflected probe field that was exposed to the real-time system dynamics. This admixture of the pump-induced dynamics into the probe field can thus result in spectral and temporal artifacts. However, in the OPTP scheme the field is temporally gated via electro-optic sampling. As discussed below, this allows for a different time ordering which can avoid the above issues by evaluating the probe field for a fixed delay after photo-excitation.
Linear response -Let us first consider the linear response of the material, where the probe field drives the generation of a coherent polarization orin the alternative formulation used herea current density j(t) that oscillates at the frequency of the vibrational or electronic mode. In the time domain
which sums up the current at time t from all earlier contributions arising from the incident probe field Ein(t), with (t-t') being the conductivity response function. The latter describes the current at time t resulting from the system response to a -function electric field at earlier time t'. Since the integral in Eq. (S1) is a convolution of two one-dimensional functions, we can apply the convolution theorem to obtain the corresponding frequency-domain current response
Here, () is the usual frequency-domain optical conductivity. For the THz field Eout measured after reflection from (or transmission through) the macroscopic sample, we can correspondingly
is the complex-valued field reflection (or transmission) coefficient that follows from () for a given sample geometry. By convolution, this overall linear sample response can again be expressed in the time domain (41)
where t -t'is the Fourier transform of .
Pump-Probe Response -The situation is rendered more complex when considering the response of a system excited with an ultrashort pump pulse at a timepoint tpu. The time-domain response is now expressed as a two-dimensional function (t -t', t -tpu) which depends on the relative time spans after both probe field and pump-pulse interactions. Here, the probe pulse arrival time tpr is implicitly included in the probe field Ein(t). For a given tpu, the probe-induced current evolving in real-time along t is
and, correspondingly, for the non-equilibrium field after the sample
Let us consider a conventional pump-probe experiment where the transient response is measured for each fixed time delay  := tpr -tpu between the arrival of the pump and probe pulses on the sample. The spectral response then corresponds to the Fourier transform of Eqs. (S4) or (S5) along time t, and is thus derived from the real-time currents or fields that are exposed to the evolving non-equilibrium dynamics. Therefore, the spectra contain frequency components of both the polarization and pump-probe dynamics, resulting in temporal and spectral artifacts.
Specifically, for narrow resonances the current or polarization driven by the probe decays slowly and can be interrupted by the pump arriving after the probe pulse. This results in the well-known "perturbed free-induction decay" artifact at negative time delays (42, 43) . A related effect arises when the pump-induced dynamics is faster than even the incident probe pulse duration, such that the beginning of the probe experiences a different response than its end. 
This allows for the extraction of the non-equilibrium conductivity from the spectral response obtained for a fixed t as explained above.
Transient THz spectra of narrowband vibrational dynamics -To understand the time and frequency resolution in our OPTP experiments, we have simulated the transient THz spectra of a system that dynamically transitions from a phase with a narrowband vibrational mode to one without. For this, the system coupled to a vibrational mode is represented quantum-mechanically by a density matrix , and the light-matter interaction is calculated in the Bloch equation formalism of Wynne et al. (46) . As illustrated in fig. S2 , state |1> and its vibrational excitation |1'> represent the symmetry-broken stripe phase with a zone-folded mode, while state |2>
represents the transient high-symmetry phase without the zone-folded mode. The ultrafast transition between the electronic phases is then described by (46) ̇1 1 ( ) = − ( − ) 11 ( ) + 2 22 and (S10)
where the density matrix elements 11 and 22 correspond to the populations of states |1> and |2>, respectively, and 2 is the relaxation rate from the upper to the lower state. These reduced Bloch equations assume rapid electronic dephasing, where the |1>  |2> transition (i.e. stripe melting)
is driven by the incoherent pump-interaction function A(t). In turn, interaction with the THz probe field Ein(t) drives a vibrational coherence given by the non-diagonal element (46)
where ph is the frequency of the vibrational transition, its broadening, and  is the transition dipole moment. To obtain the THz response, the system dynamics is calculated via Eqs. (S10)-(S12) along the real-time axis t, for each fixed time delay  = tpr -tpu between probe and pump pulses. For simplicity, the probe pulse is centered at tpr  0, such that tpu = -. The probe- 
